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Abstract 
Higher  value  of  intensity  of  radiation  on  absorber  plate   of  solar  air  heaters  and  effective  heat  removal  from  
the  plate  by  the  carrier  fluid,  air,  enhances  thermal  performance  of  solar  air  heaters.  The  paper  deals  with  
the  experimental  results  of  enhancing  the  intensity  of  radiation  by  means  of  booster  mirrors  and  that  of  
heat  transfer  by  means  of  providing  artificial  roughness  on  the  air  flow  side  of  the  absorber  plate.  An  
enhancement  in  radiation  of  about  40%  have  been  found  over  the  normal  incident  radiation  by  means  of  
booster  mirrors  leading  to  higher  rate  of  heat  collection.  The  thermal  performance  parameters  FR  and  F'  
have  been  found  to  increase  in  the  range  of  90%  to  130%  and  92%  to  135%  respectively  in  comparison  to  
those  of  smooth  solar  air  heaters  without  booster  mirrors  and  in  the  range  of  10%  to  15%  in  comparison  
to roughened  solar  air  heater  without  booster  mirrors  for  the  same  pressure  drop  due  to  artificial  roughness 
within  the  range  of  the  parameters  investigated. 
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Introduction 
The  present  paper  is  with  a  view  to  introduce  a  more  efficient  solar  air  heater  with  respect  to  
higher  grade  energy  collection  as  well  as   higher  rate  energy  collection.  Literature  is  available  in  
plenty  aiming  at  to  enhance  the  thermal  performance  of  solar  air  heaters  by  providing  artificial  
roughness  of  different  geometry  and  orientation  on  the  fluid  flow  side  of  the  absorber  plate  [1-
13].  Use  of  artificial  roughness  do  increase  the  thermal  performance  but  associated  increased  
pressure  drop  increases  the  pumping  power  required. Proper  selection  of  the  height,  pitch  and  
shape  of  the  roughness  element  make  the  system  more  efficient.  The  roughness  height  of  the  
order  of  the  viscous  sub-layer  thickness  for  fully  developed  turbulent  flow  breaks  the  viscous  
sub-layer  which  result  in  higher  value  of  heat  transfer  from  the  plate  and  thermal  performance  of  
solar  air  heater  increases  [2].  However,  pressure  drop  also  increases. To  elevate  the  plate  
temperature,  booster  mirrors  of  plane  and  curved  types  have  been  used[14-18].  Based  on  the  
work[2],  selection  of  the  set  of  values  of  roughness  parameter p/ε,  ε/D,  and  flow  Reynolds  
number  could  be  considered  for  the  optimal  thermo-hydraulic  performance  in  roughened  solar  air  
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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heaters.  Such  solar  air  heaters  combined  with  booster  mirrors  could  yield  even  better  results  
without  adding  more  to  pressure  drop.  As  such,  the  present  paper  aims  at  to  represent  the  results  
of  investigation[19]  in  artificially  roughened  and  boosted  solar  air  heaters  with  respect  to: 
I. Plate  and  air  temperature  characteristics 
II. Heat  transfer  characteristics 
III. Thermal  performance  characteristics 
 
Nomenclature 
 
  
Ac               collector area, [m2] 
Cp               specific heat at constant pressure, [J/kgK] 
D           hydraulic diameter of solar air heater duct, [m] 
ε/D        relative roughness height 
F’           collector efficiency factor 
FR                collector heat removal factor 
Fo                 collector heat removal factor referred to fluid outlet temperature 
G            mass flow rate per unit collector area, [kg/sm2] 
h            heat transfer coefficient between the plate and air, [W/m2 K] 
I             intensity of solar radiation, [W/m2] 
           mass flow rate of air, [kg/s] 
Nu               Nusselt number 
p/ε          relative roughness pitch 
Ta                ambient temperature, [K] 
Ti                 inlet air temperature, [K] 
To                outlet air temperature, [K] 
UL               overall loss coefficient, [W/m2 K] 
τα           Transmittance-absorptance product 
η             collector efficiency 
ηi                   collector efficiency referred to fluid inlet temperature 
ηo            collector efficiency referred to fluid outlet temperature 
ε             height of artificial roughness, [m] 
Suffix 
S            smooth 
SB         smooth with booster mirror 
258   B.N. Prasad and G.N. Sah /  Energy Procedia  62 ( 2014 )  256 – 269 
 
R           rough 
RB        rough with booster mirror  
  
INVESTIGATION: 
The  experimental  set-up  consists  of  three  similar  rectangular  solar  air  heater  
ducts  of  high  aspect  ratio,  having  separate  air  entry  sections.  The  exit  sections  
are  combined  together  by  pipelines  to  a  single  air  blower.  Flange-tape  orifice-
meters  have  been  provided  separately  for  flow  measurements.  For  air  and  plate  
temperature  measurement  provision  of  copper-constantan   thermocouples  has  been  
made  at  five  points  in  each  of  the  test  length  of  the  absorber  plate  and  in  the  
air  flow  duct.  A  simple  lay-out  of  the  experimental  set-up  has  been  shown  in  
Fig.1.   
 
A  typically  roughened  absorber  plate  has  been  shown  in  Fig.2.  Covering  
a  wide  range  of  roughness  and  flow  parameter  to  be  8 ≤ p/e ≤ 40 ;   0.0112 ≤ ε/D 
≤ 0.0288 ;   0.01576≤ ṁ ≤ 0.0386 kg/s.m2 ;   8478≤ Re ≤ 10696 ,  20 set  of  roughened  
absorber  plates  have  been  tested  to  collect  data  in  100 number  of  test  runs.  Data  
have  been  collected  simultaneously  for  roughened,  roughened  and  boosted,  
smooth  with  and  without  boosted  solar  air  heaters,  under  actual  outdoor  
condition.  Three  numbers  of  reflecting  glass  mirrors  (one  top  and  two  side  
mirrors)  have  been  used  for  boosting  of  intensity  of  solar  radiation  onto  the  
absorber  plates  of  the  solar  air  heaters.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1  Layout of Experimental set-up 
 
 
1. Hydraulic entry length,   2.  Test section,   3.  Orifice-meter 
 1                        2 
 1                         2 
 1                       2 
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Fig. 2  Absorber plate with artificial roughness 
 
 
 
 
 
 
 
 
Fig. 2  Absorber plate with artificial roughness 
 
Small  diameter  wires  have  been  used  as  roughness  elements.  The  diameters  of  
the  wires  are  of  the  order  of  the  viscous  sub – layer  thickness  of  hydrodynamic  
boundary  layer  under  fully  developed  turbulent  flow,  so  that  induced  turbulency  
due  to  roughness  elements  doesn’t  interfere  the  turbulent  code,  already  existent  
in  the  hydrodynamic  boundary  layer.  
 
Results  and  Discussions: 
Enhancement  in  the  value  of  radiation  due  to  boosting  on  a  typical  day  hours  
has  been  shows  in  Fig.3.  It  could  be  seen  from  this  figure  that  intensity  of  
radiation  falling  on  the  absorber  plate  increases  by  an  amount  of  about  40%  due  
to  boosting  of  radiation.  Fig.4  represents  the  plate  temperature  distribution  in  the  
direction  of  flow  duct  length  to  see  the  effect  of  boosting  of  solar  radiation  and  
heat  removal  from  the  plate.  It  could  be  seen  the  effect  of  boosting  in  solar  air  
heaters  in  this  figure.    For  example,  for  a  value  of  X/L=0.50,  plate  temperature  
for  roughened  and  boosted  solar  air  heater  is  about  600C,  for  roughened  solar  air  
heater  it  is  about  570C,   whereas,  it  is  about  630C  for  smooth  and  boosted  solar  
air  heater  and  that  for  smooth  solar  air  heater  it is about  610C.  Higher  values of  
plate  temperature  in  the  case  of  smooth  solar  air  heaters,  is  due  to  the  reason  
that  heat  removal  from  the plate  is  less  than  that  in  the  roughened  solar  air  
heater.  Due to  boosting  effect,  plate  temperature  in  roughened  and  boosted  solar  
air  heater  is  more  than  that  in  roughened  solar  air  heater.  But  it  is  even  less  
than  those  in  smooth  ones.  Fig.5  represents  the  air  temperature  distribution,  
which  shows  that  air  temperature  is  more  at  every  section  of  the  duct  length  for  
roughened  and  boosted  solar  air  heater  than  those  of  roughened  and  smooth  
solar  air  heaters.  It could  also  be  seen  from  the  slope  of  the  curves  in  Fig.5  that  
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the  rate  of  increase  of  air  temperature  along  the  duct  length  is  more  for  
roughened  and  boosted  solar  air  heater  than  those  of  the  other  solar  air  heaters.    
Fig.4 & 5  represent  the  plate  temperature  and  air  temperature  characteristics  for  
the  same  values  of  the  roughness  and  flow  parameters  and  intensity  of  solar  
radiation. 
 
Fig. 3  Effect of boosting on intensity of solar radiation. 
 
Fig. 4. Plate temperature distribution 
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Fig. 5. Air temperature distribution 
 
Fig.6  represents  the  average  values  of  the  plate  temperature  as  well as  plate - to - 
fluid  temperature  difference  in  the  respective  solar  air  heaters  at given  values  of  
roughness  and  flow  parameters,  as  a  function  of  intensity  of  solar  radiation.  It  
could  be  seen  from  this  figure  that  due  to  the  effect  of  boosting,  plate  
temperature  in  the  roughened  and  boosted  solar  air   heater  is  more  than  that  in  
the  roughened  solar  air  heater.  As  also,  the  plate  temperature  in  smooth  and  
boosted  solar  air  heater  is  more  than  that  in  the  smooth  solar  air  heater.  More  
effective  or  higher  rate  of  heat  removal  from  the  plate  results  in  lower  value  of  
the  plate  temperature  and  smaller  value  of  plate- to- fluid  temperature  difference   
( p - f).  Higher  value  of  plate- to- fluid  temperature  difference  in  roughened  and  
boosted  solar  air  heater  than  that  in  roughened  solar  air  heater  is  due  to  
boosting  of  radiation.  Higher  value  of  plate- to- fluid  temperature  difference  in  
smooth  solar  air  heaters  is  due  to  lower  rate  of  heat  removal  from  the  plate  
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than  that  in  roughened  solar  air  heaters.  Higher  value  of  plate  temperature  also  
leads  to  more  heat  losses  from  the  plate. 
 
 
 
Fig. 6. Average plate and fluid temperatures at varing intensity of solar radiation 
 
 
 
Figs. 7 & 8   have  been  drawn  to  see  the  heat  transfer  characteristics  of  solar  air  
heaters  as  a  function  of  flow  Reynolds  number.  The  value  of  the  heat  transfer  
parameter,  Nusselt  number (Nu)  has  been  worked  out  using  Eq. (1)  as  under: 
 
Fig. 7  shows  the  effect  of  relative  roughness  pitch,  p/ε  for  a  given  value  of  
relative  roughness  height,  ε/D.  The  values  of  Nusselt  number  have  been  found  to  
be  higher  in  the  case  of  roughened  and  boosted  solar  air  heater,  as  also  its  
value  increases  with  decreasing  values  of  p/ε.  Fig. 8  clarifies  the  effect  of  ε/D  
for  a  given  value  of  p/ε  equal  to  15.  The  values  of  Nusselt  number  are  more  in  
roughened  and  boosted  solar  air  heater  than  those  of  roughened  and  smooth  
solar  air  heaters.  The  values  of  Nusselt  numbers  have  been  found  to  increase  
with  increasing  values  of  ε/D. Within  the  range  of  the  parameters  investigated,  
correlation  for  heat  transfer  parameter,  Nusselt  number,  in  roughened  solar  air  
heaters  has  been  developed  as  Eq.  (2)  under ; 
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which  compares  well  with  the  correlation  developed  [4],  for  roughened  solar  air  
heater  written  under  as  Eq. (3); 
 
 
 
And,  therefore,  a  correlation  has  been  developed  for  roughened  and  boosted  solar  
air  heater  written  under  as  Eq. (4); 
 
 
 
which  predicts  an  enhancement  of  about  12%  in  heat  transfer  in  case  of  
roughened  solar  air  heaters  with  booster  mirrors  as  compare  to  roughened  solar  
air  heaters  without  booster  mirrors. 
 
 
 
 
 
Fig. 7. Heat transfer enhancement as a function of p/ε in roughened and booster collector 
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Fig. 8. Heat transfer enhancement as a function of ε/D in roughened and boosted collector. 
Thermal  Performance  Parameters,  FR  and  F'  
Solar  air  heaters  generally  work  with  air  without  recirculation,  and  therefore,  the  
conventional  thermal  performance  Eq.(5)  is  modified  [20]  to  be  Eq.(6)  written  
respectively  as  under: 
 
 
 
Since, the thermal performance of solar air heaters is very much mass flow rate 
dependent, each mass flow rate results in an individual efficiency curve drawn from the 
origin for the respective efficiency data points as shown in Fig. 9 for  the  solar  air  
heaters  based  on  Eq.(7). Higher  mass  flow  rate  results  in  higher  value  of  thermal  
performance.  As  shown  in  Fig. 9,  higher  value  of  the  slope  of  the  curves  for  
higher  value  of  the  mass  flow  rate  result  in  higher  value  of  thermal  
performance. 
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Fig. 9 Thermal Performance Characteristics of Solar Air Heaters. 
 
For  solar  air  heaters  without  recirculation  air  inlet  temperature  Ti  is  always  equal  
to  Ta,  and  therefore,  Eq. (5)  becomes irrelevant [13, 21], since abscissa is always zero 
if, Ti = Ta. Therefore,  from  the  experimental  values  of  FoUL  and  Fo(τα),  as  could  
be  seen  for  the  thermal  performance  characteristics  curves  in  Fig. (9),  the  values  
of  FR  and  F'  have  been  worked  out  by  using  the  following  Eqs.(8) (9) and (10) of  
references [20, 22]: 
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Figs. 10 & 11  represent  the  effect  of  ε/D  and  p/ε  respectively  on  the  thermal  
performance  parameters  FR  and  F' .  Fig. 10  shows  that  FR  and  F'   both  increase  
with  increasing  values  of  ε/D.  But  the  rate  of  increase  in  the  value  of  FR  and  F'   
both,  has  been  found  to  be  more  in  roughened  and  boosted  solar  air  heater  than  
those  in  roughened  as  well  as  smooth  solar  air  heaters.  Similarly,  as  could  be  
seen  in  Fig. 10,  that  the  values  of  FR  and  F'   increase  with  decreasing  values  of  
p/ε  and  rate  of  increase  in  the  values  of  FR  and  F'   for  roughened  and  boosted  
solar  air  heater  is  more  than  those  of  roughened  as  well  as  smooth  solar  air  
heaters. 
 
Therefore,  the  roughened  and  boosted  solar  air  heaters  are  superior  to  the  
roughened  solar  air  heaters  as  well  as  smooth  solar  air  heaters,  since  they  
enhance  the  values  of  FR  and  F'   without  any  further  increase  in  the  pressure  
drop.  Roughened  and  boosted  solar  air  heaters  perform  better  than  roughened  
solar  air  heater  quantitatively  and  qualitatively  both.  Such  solar  air  heaters  could 
be  very  much  suitable  and  useful  for  space  heating  of  building  and  other  drying 
processes  in  agricultural  and  textile  industries  for  sustainability,  as  also  for  the  
remote  areas  where  electrical  power  supply  is  not  available. 
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Fig. 10. Effect of ε/D on FR and F’  
 
 
Fig. 11  Effect of p/ε on FR and F'  
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CONCLUSIONS: 
 
1. Roughened  and  boosted  solar  air  heaters  are  superior  to  roughened  solar  
air  heaters  and  even  more  superior  to  smooth  solar  air  heaters  with  
respect  to  quality  and  quantity  of  energy  output  both. 
2. Roughened  and  boosted  solar  air  heaters  are  thermally  more  efficient  
without  any  further  increase  in  the  pressure  drop  as  compared  to  
roughened  solar  air  heaters. 
3. The  values  of  collector  heat  removal  factor (FR)  and  plate  efficiency  factor 
( F' )  both  increase  at  higher  rate  with  increase  in  the  boosting  of  solar  
radiation  than  those  of  roughened  solar  air  heaters  and  smooth  solar  air  
heaters. 
4. The  values  of  collector  heat  removal  factor  and  plate  efficiency  factor  
both  enhance  in  the  range  of  90%  to  135%  in  comparison  to  smooth  
solar  air  heaters  and  10%  to  15%  in  comparison  to  roughened  and  
boosted  solar  air  heaters  within  the  range  of  parameters  investigated. 
5. Such  solar  air  heaters  are  useful  for  space  heating  of  the  buildings  for  
sustainability  of  electrical  power. 
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